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Abstract

Contrast thresholds for different spatial frequencies were measured
for four individuals with optimum optical correction and with 2 D of
astigmatismm induced at various meridians. Sensitivity for sine
waves of low spatial frequencies was unaffected by the astigmatism;
however, gross changes were found at high spatial frequencies when
the astigmatism was induced with the power meridian perpendicular
to the orientation of the stripes. For square waves, the results were
comparable at high spatial frequencies, but astimgatism also
produced a decrement at 0.2 cycles/degree. This latter effect can
be predicted by assuming that astigmatism results in a oss of higher
order harmonics in the response to square waves.
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Although the effects of astigmatism on
spatial contrast sensitivity have not been
subjected to extensive investigation, results
can be predicted from the optics of astig-
matic systems and from the data on the
effects of defocusing by spherical lenses. An
astigmatic optical system focuses a point
source as two focal lines, with contours
parallel to the emmetropic meridian ap-
pearing blurred while perpendicular con-
tours remain clear.”? Differential effects
would be predicted for grid patterns ori-
ented parallel to, or perpendicular to, the
axis of astigmatism. The fact that defocus-
ing affects primarily the high spatial fre-
quencies has been realized since the original
study of Campbell and Green.?

Thus, we would predict that astigmatism
would produce decrements in contrast sen-
sitivity for vertically oriented sine waves
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only at high spatial frequencies (the specific
frequencies depending upon the amount of
astigmatism) and that the decrements
would be maximal for astigmatism with the
power meridian horizontal. Furthermore,
according to the multiple channel theory of
contrast sensitivity, differential effects on
the responses to sine waves and square
waves should occur if the effects of astig-
matism are sufficiently large to eliminate
the higher order harmonics from partici-
pating in the response to square waves of
low spatial frequency. This study gives an
empirical test of these predictions by mea-
suring contrast thresholds for vertical sine
and square waves with subjects in whom 2
D of astigmatism was induced in different
meridians.

METHODS

Sinusoidal and square-wave gratings, in
a vertical dimension, were generated on a
Hewlett-Packard 1311A CRT with a P31
phosphor by conventional techniques.* The
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mean luminance of the oscilloscope was 4.5
cd/m? and its angular subtense was 10.5 X
13.5 degrees at a viewing distance of 114
cm. The surround was dimly illuminated at
0.1 cd/m? Five spatial frequencies, 0.2, 0.5,
2, 5, and 10 cycles/degree (cpd), were cho-
sen to sample adequately visual sensitivity
to different spatial frequencies.

Four subjects using binocular vision were
employed. All were first corrected for the
observing distance of 114 cm, by adding
lenses of +0.875 D to their normal correc-
tion for infinity. This correction is hereafter
referred to as the “no astigmatism” condi-
tion. For the other conditions, astigmatism
was induced in each eye by the addition of
a cylindrical lens of +2 D. The astigmatism
was induced at various meridians by ori-
enting the cylinder axes at 90, 135, and 180
degrees, for use with the sine waves. Only
the extreme conditions of no astigmatism

1.0
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and a cylinder axis of 090 degrees were
employed with the square waves.

Five levels of modulation were selected
for each spatial frequency to range from
zero to an easily perceptible grating. Each
level was presented twice in a given session.
All five levels at all five spatial frequencies
were combined and randomized for a total
of 50 judgments per session. The subject’s
task on each presentation was simply to
state whether or not stripes were perceived.
There were no temporal constraints; the
stimulus continued to be visible until the
subject responded. Two sessions were run
for each condition of astigmatism so that
final limens for each spatial frequency were
based upon 20 judgments.

RESULTS

The mean data for the four subjects view-
ing sinusoidal gratings are given in Fig. 1.

MEAN 4 Ss SINE WAVES
No Astigmatism
2 diopters of Astigmotism ot 090 — 0 — o

10

cycles per degree

Fia. 1. Contrast thresholds for sine-wave gratings with subjects fully corrected or with 2 D of astigmatism
at different meridians. The numbers refer to the axis of the cylinders. Mean of four subjects, with vertical bars
indicating +1 SD for no astigmatism (J) and for astigmatism axis 90 degrees ([).
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The shapes of the curves for all four|indi-
viduals were the same, as were the differ-
ential effects of the axis of astigmatism.
When fully corrected, contrast thresholds
for all subjects are best at 2 cpd and rise
rapidly in either direction; the curve is in
agreement with many in the literature for
these experimental conditions.””’ W'ih;-x the
2 D cylinder at an axis of 180 degrees (that
is, with the power meridian parallel to the
orientation of the stripes), there Is no
change in contrast thresholds at any spatial
frequency. With the cylinder at an axis of
90 degrees, thresholds for low spatial fre-
quencies are unaffected whereas those for
high spatial frequencies are poorer by al-
most a log unit. With an intermediate ori-
entation of the stripes, the loss of sensitivity
is intermediate.
The vertical bars show + one standard
deviation around the means for the no as-
tigmatism and the axis 90-degree astigma-
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tism conditions; there is complete overlap
of standard deviations at the low spatial
frequencies and none at high. Standard de-
viations for the other conditions, not shown
to simplify the figure, were of comparable
size. : :

Comparable data for the same four sub-
jects, for square waves, are shown in Fig. 2
for the emmetropic condition and the worst
orientation of induced astigmatism. For the
astigmatic condition, contrast thresholds at
frequencies of 2 ¢pd and higher are consid-
erably poorer, whereas there is virtually no
difference at 0.5 cpd; these results are thus
comparable to those for sine waves. How-
ever, at 0.2 cpd, there is an apparent
change: in contrast with the data for sine
waves, astigmatism has produced a reduc-
tion in sensitivity resulting in a higher
threshold for this low spatial frequency.
The standard deviations around the means
at 0.2 cpd barely overlap.

MEAN 4 Ss Square WQvés
No Astigmatism X

2Dat090—— — o

.5

cyéles per degree

Fic. 2. Contrast thresholds for square wates for the same four subjects, either corrected or with 2 D of

astigmatism at axis 90 degrees. Vertical bars

re + 1 8D.
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This difference is further illustrated in
Fig. 3 which shows the ratio of square wave
to sine-wave sensitivity for individual sub-
jects with and without astigmatism. The
data are very similar to the original com-
parison by Campbell and Robson® and do
not deviate systematically from the theo-
retical prediction of 1,27 at frequencies of
0.5 cpd and higher.

At 0.2 cpd, however, there is a large in-
crease in the sensitivity ratio, which aver-
ages 7.4 without astigmatism and 4.4 with
it. The effect of astigmatism on this sensi-
tivity ratio is much more apparent in the
data of some subjects than others. At one
extreme, the sensitivity ratio for SML is
reduced from 8.8 to 3.7 by 2 D of astigma-
tism, whereas the comparable decrease for
AR is only from 4.5 to 3.9

o
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DISCUSSION

The effects of astigmatism on contrast
sensitivity to sine and square waves are, in
general, well predicted by theory and in
good agreement with the data accumulated
over the past 15 years of study of contrast -
sensitivity. Thus, the fact that astigmatism
affects the high spatial frequencies stems
from the defocusing of the image and occurs
in all optical systems. The amount of dete-
rioration depends, of course, on the amount
of blurring. These data on astigmatism fit
well, quantitatively, with data in the liter-
ature for blurring by spherical lenses. For
example, Campbell et al.’ report 0.35 log
unit at all frequencies above 5 cpd for 0.5 D
of blur. Regan’s '° measures show 0.6 log
unit for 1 D of defocusing, and these data

RATIO of SENSITIVITY
SQUARE/SINE WAVES
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Fic. 3. Ratio of empirical sensitivity of square waves to sine waves for individual subjects. Qpen symbois
refer to the fully corrected condition; closed, to the astigmatic. The ratios in the square are theoretical ratios as

described in the text.
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reveal a maximum of nearly 1.0 log unit|for
the 2 D of astigmatism in the worst merid-
ian. :

- Moreover, the comparison of sensitivity
to square waves and sine waves of the same
spatial frequency is in general agreement
with the original comparison of Campbell
and Robson.® With the subjects appro?ri-
ately corrected, the difference between sen-
sitivity to square waves and sine waves is
as predicted from the theory. Thus, at 0.5
cpd and higher spatial frequencies, Ei(:re
are no differences between the two curves
other than that of amplitude, and the fagtor
of 1.27 adequately-describes the data. This
implies that there are no harmonics |in-
volved in the sensitivity to square wayes,
nor should there be any.

At the lowest spatial frequency, 0.2 ¢pd,
however, there is a large increase in squj.re-
wave sensitivity over that of sine waves.
This increase, an average ratio of 7 is
greater than that reported by Campbell and
Robson® or by Furchner et al.'’ for square
waves of 0.25 cpd. A likely explanation is
the inclusion of responses by channels gsen-
sitive to higher order harmonics in the re-
sponse to the square wave. Indeed, Fig. 1
shows that many of the higher order har-
monics have the necessary sensitivity to be
included in the response of square waves at
0.2 cpd® with the greatest sensitivity shown
for the first harmonic at 0.6 cpd. The fact
that many higher order harmonics have|the
requisite sensitivity can be attributed to the
specific experimental conditions employed
which depress sensitivity to low spatial fre-
quencies. Both the use of a long duration
stimulus and a finite target size have this
effect.”?

Theoretical sensitivity to square waL'es,
derived from the theory of probability sim-
mation among independent channels,'® " is
compared to the empirical data in the ’box

* Fourier analysis (Nachmias') of a square w. L/e at
a given spatial frequency yields 1.27 times the ampli-
tude (A) of the fundamental, f (the sine wave at the
same frequency), plus odd-numbered harmon% at
regularly decreasing amplitudes: % A(3f) + BA(Bf) +
Y A(7), etc. Thus, for a given harmonic to be involved
in the sensitivity to a specific square wave, the {ensi-
tivity to it must be proportionally increased. At 8f for
example, sinusoidal sensitivity must be 3 times as preat
as at f to produce equal contributions.
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in Fig. 3. The new ratios in this box were
calculated for each individual, using the
hypothetical sine-wave response {(of % the
sine-wave sensitivity to 0.6 cpd}, either
alone or together with % the sensitivity to
1.0 cpd) compared to the empirical square-
wave data. The ratios for emmetropic vi-
sion employ probability summation be-
tween channels at 0.6 and 1.0 cpd.® Since
astigmatism reduced the hypothetical sen-
sitivity to 1.0 well below that of 0.6 cpd, for
all subjects, only one channel was employed
in these ratios.

This procedure eliminates both the large
square-sine wave ratios at 0.2 cpd and the
differences between the emmetropic and
astigmatic conditions. Thus, concrete sup-
port is given to both the general theory of
probability summation among independent
channels and to the suggestion that astig-
matism reduces sensitivity to low frequency
square waves by removing the contribution
of higher order harmonics. Nonetheless, all
eight ratios are slightly above the theoreti-
cal value of 1.27, implying some additional
factor is involved. This result is in general
agreement with Furchner et al."* who found
that patterns composed of very low spatial
frequencies were more visible than pre-
dicted by probability summation.

The practical implications of this study
are that astigmatism is detrimental to vi-
sion only for small targets (high spatial
frequencies) or for the recognition of forms
whose frequency composition requires good
vision for high spatial frequencies. Thus,
the astigmatic individual should see as well
as the emmetrope if he is close enough to
the target so that it is composed of only low
spatial frequencies. This implication has
recently been tested and found to be correct
in accounting for the vision of astigmatic
periscope  operators using  different
amounts of magnification.!”
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b Quick’s method’ for calculating the effects of
probability summation for independent channels was
employed to determine the sensitivity predicted from
the use of all possible harmonics, but no further in-
crease was obtained,




"<

June 1980

REFERENCES

1.

2.

Borish, I. M., Clinical Refraction, 3rd ed., Chicago,
Professional Press, Inc., 1970.

Mitchell, D. E,, R. D. Freeman, M. Millodot, and
G. Haegerstrom, Meridional amblyopia: Evidence
for modification of the human visual system by
early visual experience, Vision Res., 13: 535-558,
1973.

. Campbell, F. W,, and D. G. Green, Optical and

retinal factors affecting visual resolution, J. Phys-
iol. (Lond.), 181: 5676-593, 1965.

. Schade, O. H., Optical and photoelectric analog of

the eye, J. Opt. Soc. Am., 46: 721-739, 1956.

. Van Meeteren, A., and J. J. Vos, Resolution and

contrast sensitivity at low luminances, Vision Res.,
12: 825-833, 1972.

. Carlson, C. R., R. W. Cohen, and . Gorog, Visual

processing of simple two-dimensional sine-wave
luminance gratings, Vision Res., 17: 351-358, 1977.

. Van Ness, F. L., and M. A. Bouman, Spatial mod-

ulation transfer in the human eye, J. Opt. Soc.
Am., 57: 401-406, 1967.

. Campbell, F. W, and J. G. Robson, Application of

Fourter analysis to the visibility of gratings, J.
Physiol. (Lond.), 197: 551-566, 1968.

. Campbell, F. W, J. Kulikowski, and J. Levinson,

The effect of orientation on the visual resolution
of gratings, J. Physiol. (Lond.), 187: 427-436, 1966.

. Regan, D., Visual evoked potentials and visual

perception in multiple sclerosis, in Proceedings of
the San Diego Biomedical Symposium 1977, ed-

Effect of Astigmatism on Grating Visibility—Kinney 377

ited by J. I. Martin, Vol. 16, New York, Academic
Press, 1977, pp. 87-95.

. Furchner, C. S, J. P. Thomas, and F. W. Campbell,

Detection and discrimination of single and com-
plex patterns at low spatial frequencies, Vision
Res., 17: 827-836, 1977.

. Kelly, D. H., Visual contrast sensitivity, Opt. Acta,

24: 107-129, 1977.

. Graham, N., and J. Nachmias, Detection of grating

patterns containing two spatial frequencies: A
comparison of single-channel and multiple-chan-
nel models, Vision Res., 11; 251-259, 1971,

. Sachs, M. B,, J. Nachmias, and J. G. Robson,

Spatial-frequency channels in human vision, J.
Opt. Soc. Am,, 61: 1176-1186, 1971.

. Nachmias, J., Effect of exposure duration on visual

contrast sensitivity with square-wave gratings, J.
Opt. Soc. Am., 57: 421-427, 1967.

. Qucik, R. F., A vector-magnitude model of con-

trast detection, Kybernetik, 16: 65-67, 1974.

. Luria, 8. M,, J. A. 8. Kinney, C. L. Schlichting,

and A. P, Ryan, The limiting effects of astigmatism
on visual performance through periscopes. Naval
Submarine Medical Research Laboratory, Groton,
CT, NSMRL Rep. 905 September 1979.

AUTHOR’S ADDRESS:

Jo Ann S. Kinney

Naval Submarine Medical Research Laboratory
Naval Submarine Base New London

Groton, Connecticut 06340







